INTRODUCTION
Spatiotemporal patterns of seismicity associated with large earthquakes have been extensively studied in attempts to develop methodologies for earthquake prediction. While these studies have revealed substantial complexity and regional variations in seismic behavior, they have also led to the recognition that one physical mechanism may be responsible for this variability. Kanamori [1981] proposed that a wide range in observed seismic behavior can be explained with a single model involving spatial heterogeneity in the mechanical properties of the fault plane. In this model a fault contact consists of patches having different failure strengths; the strongest regions are referred to as asperities and rupture in the largest earthquakes. The high stress drop involved in rupture of an asperity would imply that a long time would be required to restress the patch to a level that exceeds its failure strength. The weaker portions of the fault plane fail more frequently; they may slip during the largest earthquakes with smaller displacements than at the asperities, they may rupture themselves in smaller earthquakes, or they may slip aseismically. The specific distribution of failure Copyright 1989 by the American Geophysical Union.
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0148-0227/89/89JB-00043505.00 strengths along the fault contact therefore controls the resulting space-time seismicity patterns. Since major loci of seismic slip and associated strength heterogeneity can now be determined within the rupture zones of large earthquakes from the inversion of body wave [e.g., Kikuchi Archuleta, 1984] observations, the influence that the primary strength heterogeneity exerts on regional seismic behavior can be assessed.
For several large North American continental earthquakes, Hartzell and Heaton [1986] and Mendoza and Hartzell [1988b] have examined the relationship between the distribution of aftershock hypocenters and the pattern of the main shock coseismic displacement estimated from the inversion of strong ground motion and teleseismic records. In these studies, aftershock hypocenters were conspicuously absent from regions where the main shock slip was large and instead tended to cluster near the edges of slip maxima. Choy and Dewey [1988] analyzed broadband P wave velocity and displacement records to determine the dynamic source parameters of the March 3, 1985, Chilean underthrusting earthquake. The area that they identified as radiating most of the seismic energy (main shock asperity) was also devoid of aftershock hypocenters. Although these observations are consistent with the asperity model, the contrary assumption is sometimes made when aftershock locations are the only data available on fault plane heterogeneity. The aftershocks are then sometimes assumed to emanate from the main shock asperities. Moreover, it is conceivable that an asperity could continue to " chatter" after a large earthquake, if, for example, the asperity were being restressed by aseismic slip occurring on the fault plane surrounding the asperity. Further documentation of the relationship between aftershock activity and main shock asperities is important for the accurate estimation of regional earthquake hazard. A primary objective of this paper is to evaluate the influence exerted by heterogeneity of fault plane strength on interplate seismicity patterns along the entire southern Kurile Islands Arc. This arc experienced four great earthquakes in a recent 15-year period, occurring on November 6, 1958 ( [ 1987] , which defined the dominant asperities of the four great earthquakes with respect to the epicenters of these events. In this paper we concentrate on locating the asperities within the seismogenic thrust interface, as the interface is defined by other underthrusting earthquakes. We then examine how the accumulation and release of strain at the asperities of the four great southern Kurile Islands earthquakes influence the distribution of smaller earthquakes on the plate interface. Because the great earthquakes occurred in the early part of the time period for which accurate hypocenters can be computed, we are particularly concerned with the effects of their asperity rupture on the seismicity of the plate interface following the great earthquakes. Our primary data are hypocenters of known underthrusting earthquakes, relocated using travel time station corrections and weighting functions computed by the method of joint hypocenter determination (JHD). The use of station corrections minimizes location errors of hypocenters relative to each other that result from different hypocenters being located by different configurations of seismographic stations, each with a distinct network bias. The relocated hypocenters should therefore (1) enable more reliable definition of the dimensions of the seismically active thrust interface in the southern Kurile Islands Arc, (2) allow more confident positioning of the great earthquake asperities within the seismically active interface, and (3) permit a more definitive test of the tendency for earthquake aftershocks to be concentrated outside of the main shock asperities.
Although it is difficult to estimate the systematic bias of the group of our epicenters as a whole that might arise due to velocity anomalies associated with the subducted Pacific plate, we think that such bias is substantially less than the 40-to 50-km biases that result from downgoing slabs in some subduction zones, such as in the central Aleutians [Engdahl et al., 1982] . We have, moreover, attempted to obtain improved estimates of absolute focal depth by constraining the depths of calibration events and other well-recorded earthquakes to values determined by waveform modeling. (Figure 1 ) and the determination, for each quadrangle, of calibration events whose epicenters (but not focal depths) are located with respect to each other using only teleseismic data. The second step is the use of JHD to locate the epicenters and focal depths of up to 14 widely recorded events in each quadrangle with respect to the calibration events. Arrival time data from all distance ranges are now used. Besides producing hypocenters of the events, the second step computes station corrections for the approximately 100 stations used in locating the events, and estimates of the variance of arrival time residuals for regional, near-teleseismic, and far-teleseismic phase types used in the computation. The third step is the use of JHD-computed station corrections and variances in a single event location program to calculate, for all events in each quadrangle, hypocenters, 90% confidence ellipses on the epicentral coordinates, and 90% confidence ellipsoids on the hypocentral coordinates. The hypocenters plotted in the figures and listed in Table 1 are those produced in the third step; the quality ratings assigned to the hypocenters are based on the sizes of the epicenter confidence ellipses and hypocenter confidence ellipsoids (Table 1) .
The first two steps of the location procedure are an attempt to balance our need for high relative precision of epicenters along the entire 700-km arc segment with our needs to estimate focal depths of the earthquakes and to maximize relative precision in smaller sections of the arc. along the entire arc, the first step of our procedure uses only data from distances greater than 27 ø . However, nearby stations are necessary to estimate focal depths if only P wave and S wave first arrival times are being used to calculate depths. Moreover, for stations at any distance one would generally expect that the smaller the source region from which earthquakes were being located, the more likely that the source-receiver anomaly is the same for all sources. The epicenter confidence ellipses and hypocenter confidence ellipsoids, upon which our quality factors are based (Table 1) 
Depth Determinations
The most accurate earthquake depths are usually those obtained through direct observation of the surface reflected phases pP and sP. In subduction zones the sea surface reflection p•vP is also observed and can be used for accurate Langston and Helmberger [1975] to compute synthetic seismograms for shallow sources embedded in a layered medium. The seismogram is treated as a sum of rays for which amplitudes and delay times are determined by the geometry of the source and the thicknesses and velocities of the layers traversed. This ray sum is then convolved with a propagation term consisting of the geometric spreading factor and attenuation operator, a near-receiver term consisting of the effect of the free surface interaction, the instrument response, and the source time function of the earthquake. For larger earthquakes the trade-off between focal depth and source complexity can be quite severe; however, Stein and Wiens [1986] found that this trade-off is usually small and does not cause difficulties in depth determinations for earthquakes with Ms -< 6.5.
We modeled selected broadband vertical seismograms recorded by stations of the Regional Seismic Test Network (RSTN) and the Digital Worldwide Standardized Seismograph Network and long-period seismograms recorded by stations of the Worldwide Standardized Seismograph Network (WWSSN). One of the three near-source layered velocity structures listed in Table 2 was used in construction of the synthetic seismograms depending on which provided a better fit to the observed data. Synthetic seismograms were matched to the observed data by varying the depth and source time function; absolute amplitudes were not preserved, preventing the determination of seismic moments for each event. The focal mechanisms were assumed to be those listed in Table 1 Assuming that focal depths of the earthquakes with modeled P waveforms are reliable, there remain sources of uncertainty in the depths calculated with the JHD method. These depth determinations are sensitive to the arrival times at regional Japanese and Soviet stations and are therefore sensitive to violations of the JHD assumption that sourcereceiver travel times are constant to a given regional station from all earthquakes in a several hundred kilometer long, 100-km-wide, section of the Kurile Islands Arc. In addition, the JHD method cannot avoid the uncertainty that arises from the fact that the range in source-receiver takeoff angles is small for the shallower of the earthquakes being located. Table 1 Table 1 for the great earthquake of 1969. The first is that determined by the method of this study; this location is relatively poor due to the occurrence of a small foreshock just seconds earlier, which obscurred the main shock's arrival at many stations. The second epicenter of the 1969 main shock was computed relative to the JHD location of the foreshock from arrival time differences (main shock minus foreshock) observed on 17 WWSSN long-period records. It is this second location that is plotted in subsequent figures.
RESULTS

Our relocated hypocenters are listed in
The most dramatic effect of the earthquake relocations is due to changes in focal depth; the revised hypocenters are much more suggestive than the routinely determined hypocenters of an inclined seismic zone extending inland from the trench (Figure 3) . Changes in epicenters that are most significant for the purposes of this study are changes in the positions of the epicenters of the great earthquakes of 1963 and 1969 with respect to the epicenters of smaller earthquakes in their aftershock zones (Figure 1 ). This is important because the locations of the asperities are determined by the great earthquake epicenters. There is also a tendency for relocated epicenters in some regions (e. g., near 44.4øN,  149.7øE, near 43.9øN, 148.4øE, and near 43.0øN, 145.3øE) as slip on a single interface between the subducting Pacific plate and the overriding Eurasian plate. Following the common plate tectonic model in which subduction is predominately accommodated on a single megathrust, we will refer to the plate boundary as an interface. In a broad sense, the distribution of our epicenters shows a tendency for large earthquakes to occur in the deep parts of the seismogenic plate interface. Thus most of the identified underthrusting events of magnitude ->7 and the great earthquakes of 1958 and 1973 nucleated near the downdip edge of the plate interface (Figure 1) .
The concentration of moment release at the downdip half of the seismically active plate interface is similar to the behavior observed in continental fault zones. Many continental fault zones exhibit a sharp decline in the number of earthquakes below about 15 km with the largest events nucleating near this cutoff depth [Sibson, 1984] . These observations have been interpreted in terms of a transition in the rheology of the fault zone from a frictional regime above the cutoff depth of seismic activity to a plastic regime below it [Sibson, 1984] or in terms of unstable slip above and stable slip below [Tse and Rice, 1986] . Within a petrologically uniform frictional or unstable slip regime, shear resistance should generally increase with depth, provided that pore fluid pressures increases less rapidly with depth than lithostatic pressure normal to the fault. This would account for Figure 5 (25-45 km) . While few events occur within 20 km of an asperity center, a peak in earthquake distance from the asperity center coincides with the observed range of asperity radii. This may suggest a tendency for events to occur at asperity edges. However, since the asperities themselves differ in size and their dimensions in the along-dip direction are not well constrained from seismic observations [Schwartz and Ruff, 1987] , this suggestion is rather speculative. Figure 6 shows depth and time profiles of relocated hypocenters projected along a southwest-northeast line parallel to the trend of the southern Kurile Islands Arc. The approximate locations of the asperities associated with each great earthquake are hatchured, and once again we see that few events locate within asperity regions.
Over 85% of the relocated earthquakes occurred subsequent to failure of their nearest great earthquake asperity (Figure 6 ). Therefore the lack of earthquakes occurring within asperities suggests that substantial release of accumulated strain energy takes place in asperity regions upon their failure. Too few of the relocated earthquakes occurred prior to asperity failure to ascertain whether or not asperity regions experience slip or remain locked before their rupture in a large underthrusting event.
Several studies of stress regimes in subducted lithosphere have suggested that intraplate seismic behavior in subduction zones is influenced by regional changes in the stress regime at the interplate contact caused by the occurrence of a large underthrusting earthquake [e.g., Ruff, 1983, 1988 
